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A STUDY OF AIR FLOW IN AN ENGINE CYLINDER

By DANA W. LEE

SUMMARY

A &etroke-cycle test engine was equipped m“th a glass
cylinder an-d the air rnocements within it were studied
wht% the engine was being motored. Dij$erent typee of air
@w were produced by ueing shrouded intake valves in
various arrangements and by altering the 8hape of the
intake4r pawage in the qdinder head. The air move-
ment8 were made visible by miz-ingfeather8 with the enter-
ing air, and high-epeed motion p“cture8 were taken of them
80 that the air current~ might be dudied in detail and their
velocitie8 measured. Motion pictures were also taken of
ga801ine 8praya injected into the cylinder on the intake
8troh-e.

The photograph 8howed that: A wide varidy of induced
air mocement8 could be created in the cylinder; the move-
ments alway8 perw”sted throughout the compre8tion 8troke;
and M.e only type of morement that persisted until the end
of the q.tcli wa8 rotation about the cylinder axi8. The
velocities of the air eurrent8 were approxz”mately propor-
tional to the en~”ne 8peed and had about the 8ame value
whether the jlow wa8 orderly or turbulent. Orderly air
movement8 greatly aided the distm”bution of the 8pray8
about the cylinder.

INTRODUCTION

The performance of spark-ignition engines that spray
fuel into the cylinders during the intake stroke is im-
proved when sir flow is used to assist the mixing of the
fuel and the air. Tests have been made with the N. A.
C. A. combustion npparatus (reference 1) to determine
the effect of directed air flow on the combustion char-
acteristics of such an engine. The present paper de-
scribes apparatus constructed and tests made to study
the air movements in an engine cylinder and reports
the effects of such movements on the fuel sprays with
no combustion taking place. The size and the shape
of the cylinder hertd were the same as those used for the
tests of reference 1 and, in both cases, the direction of
the air flow was principally controlled by the use of
shrouds on the intake ~alws.

APPARATUS AND TEST METHODS

TEST ENGINE

A steeI casting thtit surrounded and supported a glass
cylinder was inserted between the barrel and the head
of a single-cylinder test engine. (See figs. 1 and 2.)

Four Iarge openings in the steel casting afforded an
unobstructed view through the center of the cylinder.
The inside surface of the glass cylinder was accurately
ground and polished to the same diameter as the engine
bore, and its length was equal to the engine stroke.
The WIN thickness was 0.5 inch. The lower side of the -.
cylinder head was modified to fit the steel casting and,
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FIGum I.—Tes.t engine with glass agllnder.

when bolted down on the casting, it clamped the glass
cylinder firniy in pIace.

A hollow aIuminum extension was fastened on top of
the piston, its diameter beirg 0.032 inch less than the
inside diameter of the gIass cyIinder. This clearance
was determined from the height of the extension above
the piston pin and the maximum angle of oscillation
allowed by the clearance of the main piston in the
cylinder bore.
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There are two inlet and two exhaust valves

ADVISORY

in the
head, each 2 inches in diameter. Other engine constants
are as follows:

Engbe bore ------------------------ 5 inchee.
En@nestioke ------------------------- 7inchea
Connecting-rod length --------------- 12 inches.

Comp*on ratio ------------------------ 6.0.

Ridge angle of. pent-roof head ------------- 130°.

Valve fiat----------------------------- ~f inch.

Valve timing:
Inlet opens ------------------- 15° B. T. C.
Inlet closM ------------------- 45° A. B. C.

Exhaust Openfl----------.----- .5t1° B, B. C.
Exhaust cloeem--------—----- 10° A. T. C.

MEANS OF CONTBOLLfNG DIEECTION OF AIR ENTERING CYLINDER

~ set of intake VaIves was equipped with shrouds
that forced the air to flo~v.past one side of the valves
and thus imparted definite directions to the incoming

/ \ 1

FMUEE Z.-sketch showing glass egllnder and cyl!nder head.

air streams. The shrouds were thin brass strips sol-
dered to the valve heads, They normally extended 180°
around the head but, for one test, the shroud angle was
reducedto 135° and then to 90”. (See iigs. 2 and 3;)
No means were provided for preventing rotation of the
-ralves, for it was observed that they did not change
their positions during the briti.test periods.

COM—M”ITTE”EFOR AEROtiAUTICS

Another method of controllimz the direction of tho
air as it entered the cylinder wws-to altxx with modeling
clay the shape of the intake-air passage in the cylinder
head. .J?igure 4 shows how the passage to one of the
intake valves was blocked off and the roof of the passage
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FIOGEE3.—Sketch of shrouded Make valve.

to the other valve wm Ned in. These changes rmulted
in the creation of an air swirl in the engine cylinder,

MEANS OF MAKING AIFl FLOW VISIBLE lN CYLINllEIi

Smoke was tried as an indicator of the air move-
ments, but the turbulent flow caused it to become inti-
mately mixed with the air shortly after it entered the
cyhnder.

Metaldehyde crystals, formed by sublimation and
recrystallization in air, were used in some of the pre-

ln@ke ;ide Section A-A
FIGURE4.+ketch sbowhrgparts of Iut8ke+rIr pesssgein cyllnder hmd filled with

modelfng clay,
--

lknina~ tests. Although they followed the air better
than my other substance tried, they could not be satis-
factorily photographed bide the eng@e nor could in-
dividual groups of crystals be identified in successive
pictures for the purpose of air-velocity measurements,

The Material that proved to be the most satisfactory
indicator of air movement was white goose down, cut
into short pieces after the heavier pieces had been re-
moved. Its sinking speed in still air averaged about 6
inches per second. It was introduced inta the engine
at the desired time by a double-barrel intake pipe.
One side of this pipe admitted air from the room and
the other side was attached to th~ bottom of a chamber
containing the feathers, Butterfly valves in the two
barrels were interconnected, one opening as the other
closed, so that either air or air inked with feathers
could be admitted to the engine.



A STUDY OF AIR FLOW IN AN ENGINE CYLINDER 229

Pl+OTOGEAPHIC EQUIPMENT was painted black so that tha feathers appeared white
The camera used to photograph the feathe~ -ims against a black background. (See @. 5.)

developed in the laboratories of the Eastman Kodak SWIRL METEE

Company (referace 2). The Hm moms continuously A ~W+l met~ was used to indicate the rate of rotation

behind the lens; a rot sting parallel-sided prism between of the air ribout the cyIinder axis. It emsisted of four
the film and the lens mows the image in the same direc- va.nes atttiched to a spindle e..tending through the

FIGUBE5.—One frame from h!gh+peed motfompIctnre ti showing festlws Inside the glass cylinder.

tion and at the same rate as the film during the exposure
time. The pictures taken for this investigation were
made at rates from 1,700 to 2,400 frames per second.
The light from a large electric arc was directed through
the glass cylinder at right angles to the camera axis, and
the side of the glaw cylinder farthest from the camera

center of the cylinder head. (See fig. 2.) The vanes
were &iv”en by the rotating air and the number of turns
was indicated by a gear driven by a -worm on the spindle.
Each vane had an area of about 0.42 square inch.
End thrust was taken by a ball bearing, and a lap fit
around the spindle practically eliminated air leakage.
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FUEL-INJECTION EQUIPMENT

The fuel-injection system of the N. A. C. A, spray
photagrnphic apparatus (reference 3) was mounted on
the engine, and a diflerent.kd-pressurfi injection valve
was screwed into the spark-plug hole at the center of the
c.ylimler head. (In ~. 2, the ~wirl meter is shown in-
sta~ed in this hole.) Nozzles of two different types
were used. One had four round orifices in a single
plane, with diverging axes. The diameter of.~e two
central orifices was 0.018 inch, that of the outer two
was 0.010 inch, and the angle between the spray axes
was 20°. The other nozzle was of the ammhr-orifica.
type, forming a hollow conical spray with an apex
a-nili of 30°.-
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to less than I percent of their actual velocities. The
pictures taken at the various conditions were re-
peatedly projected and studied.

The. velocities of the feathers used h indicate the
movements of the ah were measured by projecting the
motion-pictures one at a time onto a piece of paper find
mark@ the successive positions of individual feathers,
Velocities were then computed from the movement of
the feathers and the time interval between pictures.
Although it was impossible under the test conditions to
obtain sharply defined photographs of the feathers,
there never was any uncertainty in identifying them in
successive frames from their relative size find shape.
The velocities obtained in this manner arc not the true
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TEST METHODS

Separate series of high-speed motion pictures were
made to study the air flow as iudicated by tlM move-
ments of the feathars and to study the effect of the air
flow on the fuel sprays. Some motion pictures were
made of feathem and fuel sprays together, but they
were umatisfactory because the feathers hid the sprays.
The swirl meter was not installed on the engjn~ while
any of the motion pictures were being made, but sep-
arata motoring tests were later made with it. Engine
speed was limited to 1,000 r. p; m. because the motion
pictures of the feathers became blurred at higher speeds.

When the high+peed motion: pictures were projected
on a screen at the normal rate of 16. per second, the
velocities of the piston and the feathers were reduced

air velocities for two reasons: hlotion paralIel ta the
camera axis was neglected; and, in all accelerated move-
ments, the feathers lagged behind the air because of
their greater density. The first factor was partly com-
pensated by selecting only the more rapidly moving
feathers for measurement or, in the case of orderly air
flow, by selecting those moving approximately per-
pendicular to the camera axis. The inertia of tho
feathem was probably not a serious factor emept in t.ho
entering air streams.

MOTION PICTURES SHOWING AIR MOVEMENTS
AIRMOVEMENTS W’lTH PLAIN lNTAKE VALVES

‘When plain intake valves were used in the engine, the
air in the cylinder was in a very agitated and turbulent
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state during the intake stroke. Some air movement
across the tip of the chamber from the intake to the
exhaust valves and thence down the cylinder wall was
caused by the masking effect of the cylinder wall C1OW
to the intake valves, but this flow was very slight com-
pared with the indiscriminate movements. The air
movements created during the intake stroke continued
throughout the compression stroke, at slowly reducing
velocities. By the time the piston had descended far
enough on the expansion stroke to reveal the inside of
the cylinder (about 40° &T. C.), most of the turbulence
had died out and, during the last two strokes of the
cycle, the air movements were mostly due to expansion
and expulsion of the air by the piston.

The air in the cylinder always became densely fogged
with water vapor early on the axpansion stroke. This
phenomenon was observed at all engine speeds and on
dry days as -well as on days of high humidity. It was
probably caused by the transfer of heat from the com-
pressed air to the cylinder head and walls during the
compression stroke, so that on the expansion stroke the
temperature of the air fell below the dew point.

Figure 6 shows the measured velocities of feathers
obtained during the intake and the comprwion strokes
of the engine vdde using plain intake valves. The cor-
responding crank angles were determined from the posi-
tions of the piston extension in each picture. The
velocitks of the entering air streams at the valve seats
were computed, the air being assumed inelastic, and
they are also shown in the figure. The great range of
velocities during the int&e stroke shows how varied the
air speed was in different parts of the cylinder at the
same time. The higher values were obtained from
feathem in the air streams from the intake valves, and
the lower values were obtained from feathers in the
lower parts of the cylinder -where the air had lost much
of its entering velocity. The highest feather velocities
were less than the computed inlet-air velocities because
they were measured 1.5 inches or more from the valve
seats. The range of velocities was greatIy reduced
after the end of the intake stroke, and most of the air
motion caused by the entering air streams died out
during the exTaneion and the exhaust strokes.

MS MOVEMENTS WITH SHEOUDED NTAHE VALVES

Tats were made with the shrouded intake valves
arranged in the nine di&rent positions shown in
figure 7, the shrouds extending 180° around the valves
in each case, &rangements A, B, C, D, and E pro-
duced a rotation of all the air in the cylinder about the
vertical axis. Arrangement A produced the highest
rate of rotd.ion with the least turbulence. Wasured
velocities of feathers obtained with this valve arrange-
ment are shown in @e 8. The ve~ocities are about
twice those obtained with plain intake valves, prob-
ably because of the doubled air velocity through the
intake valves with 180° shrouds. The range of ve-

locities during the intake stroke was as great as when
plain valves were used, although the direction of the
air flow was very consistently a rotation about the
cylinder axis. The scatter of the test points on the _ ..._
figures showing feather velocities cannot, therefore, be
taken as an indication of turbulence. The best method
of evaluating turbulence was found to be a careful
observation of the motion picturm.

Arrangement C produced almost as high a rate of
rotation as A but with slightly greater turbukmce.
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FIGURZ7.—Anangement80[ the shrouded Intakevalves.

The rates of rotation produced by arrangements B
and E were about equal and lmth were decidedly 1sss
than those produced by A and C. The amounts of
turbulence were greater, probably because in each
case one of the valves discharged air directly toward
the other.

With arrangement D, the air movements in the
cylinder during the &t 140° of the cycle were domi-
nated by the flow from the valve directing air radially
inward. Mter crossing the top of the chamber, this .
air flowed down along the cyhnder wall, back across
the top of the piston extension, and then up aIong the
opposite side of the cylinder, thus completing a vertical
loop. At the same time, air from the other valve was
being directed tangentially, so that a rotary motion
was aIso being built up. Dur@ the compr=sion
stroke the vertical movement died out, leaving a
relatively slow rotation of the entire air charge about
the cylinder axis. Turbulence was greater with
arrangement D than with my other arrangement pro-
ducing air rotation about the cylinder axis.
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ln gemml, it may be stated that shroud arrange-
ments which remdt in the greatest rate of air rotation
produce the least turbulence and vice versa.

The motion pictures indicated that the air rotated
with uniform angular velocity rather than with uniform
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intake stroke always persisted, at a decreasing rate,
throughout the compression, the a~pansion, and the
exhauststrokes.

When both of the shrouded intake valves were set
to direct the incoming air across the top of the chamber,
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linear velocity. of course, the air in the entering I
streams was it a much higher velocity than the res~
but it soon expended its energy in turbulence or in
accelerating the rotation of the air already in the
cylinder. Any horizontal rotation set up during the

as in arrangements F, G, and H, the air rnovcd in a
vertical loop aa previously described. With arrange-
ment l?, the loop movement started early on the intake
stroke. It was ftister and contained less turbulence
than the movements with mrangements G or H, JTe-

.
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locities of feathers measured whh arrangement F was
used are shown in figure 9. The range of velocities
is about the same as that obtained when other valve
arrangements were used or when plain intake valves
were used at twice the engine speed. With mrange-
ment G, a marked turbulence preceded the loop mo-
tion, which did not begin until about the middle of
the intake stroke. ‘With arrangement H, there was

I I I 1
Computed air velocity

at inIet votves
200 ,

/
~ ‘ “ \\ o

Qm

nn
160

006Q120
K
< /
%QQ Measured velacifi~o
2

0 of feathers
L 80 ,0 ,

0/<8
f#

\ 0 f
-0 a

0 ‘ Pis ton veIocify -1
w o , .

40
,’P 0 :

0

0 80 160 240 320
Crank angle, deg.

FLGUES9.–VekMties of Ceathmwhen shroud ermn.gement F was used. Engine
6peed, 500r. p.m.

turbulent motion -with some parts of the air charge
rotating in either direction abcmt the cylinder a.sis
during most of the intake stroke. A slow vertical-
loop motion appeared near the end of the intake
stroke. Arrangement I also resulted in a SIOWvertical-
[oop movement but the direction was the reverse of
that with arrangements F, G, and H; that is, the air
first descended along the qlinder wall nearest the intake
vaIvas, then crossed the top of ‘the piston, and ascended
the other side of the cylinder. The loop motion began
early on the intake stroke and was accompanied by
marked turbulence. With each of the kst four arrange-
ments discussed, the vertical-loop movement con-
tinued during the compression stroke but was never
observed on the expansion and the exhaust strokes.

AIRMOVEMENTS WITH ALTEItED INTAKE PASSAGE

When the intake-air passage in the cylinder head
was altered as shown in figure 4, all the air entered the
cyIinder through a single plain valve. The shape of
the intake passage caused the entering air stream to
pass to one side of the cylinder axis and be akmt-ed
downward about 45°. The resulting air movement

in the cylinder was complicated. During the intake ..-.
stroke, the air moved in a loop similar to that de-
scribed except that, instead of being in a vertical
plane, it was slanted across the cylinder. This air -
mo~ement set up a generaI rotation of the air charge,
which continued to the end of the cycle. Turbulence
was general throughout the cylinder during the intake
stroke but died out during the compression stroke.
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Velocities of feathers obtained when the altered intake
passage was used are shown in figure 10. They are
slightly lower than those obtained with shrouded
valves in arrangement A.

MEASUREMENT OF THE RATES OF AIR SWIRL

Two methods were used to measure the rates at
which the air rotated about the cyhnder axis. In one,
the high-speed motion pictures were projected onto a
screen one at a time and the angular velocities of the
feathers were obtained from the time it took them to
pass between two vertical lines on the screen, spaced
to reprewmt 30° of rotation. A distance of 2 inches
was chosen as the mean radius of the rotating feathers
because some stereoscopic high-speed motion pictures
made with a special attachment on the camera showed
that the paths of most of the feathers lay within 1 ““
inch of the cylinder wall. The results of measuring
the rates of air swirl in the foregoing manner are show ___
in ilgures 11 to 14. The test points were scattered as
widely as those in the figuw showing velocities of
feathers, but they are shown only in figure 14, which .--—
contains a single test condition. The entire 4-stroke
cycles are represented, the dashed portions of the
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curves being the regions near top center where the
inside of the cyIinder was not visible.

The second method used to measure rates af ah
rotation was to obtain with a stop watch t~e time
required for several hundred turns of the swirl meter.
This method is considered less reIiable than the photo-

graphic method because of the inerth and the friction
of the rottiting parts rmd becnuse it measures the swirl
in only n small part of the chamber. lt- was used,
howeveq mostly as a check on the other tests, and the
conclusions given at the end of this report are btwcd
mostly on the results of the photogmphic method.
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Table I gives the mean swirl rates obtained by
integrating the curves in figures 11 to 14 and also
gives the results of the swirl-meter tests. The meter
usually gave a higher mean rate than the photographic
method, probably because the rotating vane of the
meter was close to the intake valves where the &
velocity was high. --

TABLE I

MEAN SJVIRL RATES

CondMon canefngswfrl

1
Arrangement

A. .. . . . . . . . . . .
B. . . . . -------
c_______
D.- . . . . . . . . . .
E------------

shrouds

I A... _-. _.-..

Aitered Intake passage. . . . .

Shrond

(%%

Ma

leJl

180
136
00

. .. ----

W&0

,.p. m.]

&lo

350
WI

1,;%

J5C0

m

MesnSVM rate
(r. p. rm)

Swfrl
meter

1,S40
1,m

i’20

L%J

2%1
2, WI

.--—

.----—
-------

1,004

Variations in swirl rate -with crank angle, when the
shrouded intake valves were used in arrangements A
to E, are shown in &me 11. With each arrangement
except D, the swi.d rate was greatest at about 110 crank
degrees after the beginning of the intake stroke, dropped
to about half the maximum value at 250 crank degrees,
then slightly increased while the piston was moving
most rapidly on its compression stroke, and finally
decreased slowly for the rest of the cycle. Valve
arra~~ement A gave the highest mean swirl rate, and
mm.ngement D gave the lowest. As explained earlier,
the ah movements with arrangement D were domi- -
nated during the tit 140 crank degrees by air from
the radially set valve. Although rotation -was slody
building up during this period, it could not be measured
from the movements of the feathera; this part of the
curve in figure 11 is therefore given as a broken line.

The effect of engine speed on the rate of air swi.d,
when shroud arrangement ~ was used, is shown in
figure 12. Swirl rates were approximatdy propor-
tional to the engine speed, the maximum rate being
about 5.5 times the engine speed and the mean rate
being about twice the engine speed.
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The effect of decreasing the angular extent of the
btake-valve shrouds from 180.0 to 135° and then to
90°, while shroud arrangement A was used, is shown
in @ure 13.. Table I indicates that the mean swirl
rates were roughly proportional to the shroud angle.
Figure 14 shows how the swirl rate changed when the
intake-air passage was zltered. The maximum rate
of swirl came at about 85 crank degrees after the
beginning of the intake stro.kej earliw than when
shrouded intake valves were used; and the swirl rate
during the last half .of the cycle was very low.

EFFECT OF AIR MOVEMENT ON FUEL SPRAYS
TESTCONDITIONS

High-speed motion pictures were taken of sprays
from the 4-orifice nozzle and from the annular-oriiice
nozzle injected into the cylinder on the intake stroke.
injection began at 70° A. T. C. in each case and lasted
18 crank degrees with the 4-orifice nozzle and 70 crank
degrees with the annular-orifice nozzle. h injection
pressure of 2,000 pmmds per sqimre inch was tiied with
both nozzles, and the amount of fueI injected was ap-
proximately equivalent to fu~l-load fuel quantity. Two
fueIa were used, aviation gasoline and a high-grade
automotive Diesel fuel. The lliesel fuel was used at
only one condition, so the following description of
results refers to gasoline sprays unless it is otherwise
stated. hTe.ither fuel was ignited, but the penetration,
the distribution, and the rate of vaporization of the
sprays were studied from the motion pictur~. Foui
air-intake conditions were used at an engine sp~d of
500 r. p. m., as follows: with plain intake vaIves, with
shrouded intake valves in arrangements A and F, and
with the intake passage altered.

SPRAYSFROMTHE4-ORIFICENOZZLE

Some of the motion pictures of the 4-ori6ce sprays
are reproduced in figure 15. Ody every third picture
taken is shown, and they have been spaced to. fit a
uniform scale of cranlc degrees. The penetration of the
sprays was unaffected by the air movements in the
oylinder, the tips of the two inner sprays reaching the
piston about 5 crank degrees after the start of injection
in each case. Most of the fuel impinged on the piston
or the cyLinder walk, showing that the orifices w~e too
large or the injection pressure too great, The central
parts of the four jets were not deflected by even the
most rapid air movements; but the fine mist in the
spray envelopes, and aIso the mist formed by impinge-
ment on the piston, was picked up and distributed by
the air currents. When shroud arrangemmt A was
used, the mist was well distributed in the lower part of
the cylinder where most of the fuel went, but it failed
to mix with the air b the upper part of the cylinder.
When shroud arrangement F was used, the mist was
carried to the upper part of the cylinder, leaving the

center of the cyhnder relatively “lean.” AItering the
intake-air passage in the engine head seemed to be the
most effective way to secure rapid and complete mixing
of the fuel and the air in the cyIincler, probably because
this change resulted in air movements having both
horizontal and vertical components and also tout.aining
much small-scale turbulence.

SPRAYS FROM THE ANNULAE-ORIFICE NOZZLE

The penetration of sprays from the anmhr-orifice
nozzle was markedIy affected by air movements in the
cylinder. (See fig. 16.) With plain intake valves, the
sprays reached the piston about 20° after the start of
injection. With shrouded intake valves in arrangement
A, the spray never quite reached the piston; but, with
shroud arrangement F, it reached the piston in 25 crtmk
degrees. When the intake passage in the hcud was
altered, it took the spray 110 crank degrees to reach the
piston, and by then it had been well broken up by the
air cuments. The lack of penetrating power in this
type of_spray is well iktrated by the fact that tho
sprays .We deflected by even the slow vertical-loop
movement obtained with phin intake valves, caused by
the partial masking effect of the nearby cylinder wall.
The air movements obtained with shrouded valves and
with the altered intake passage distributed all th fuel
in the conical sprays about the cyhnder in much the
~ame way that they distributed the mist surrounding
the sprays from the 4-oriiice nozzIe.

COMPARISONOFG&lOLINEAND DIESEL-FUEL SPRAYS

Diwel-fueI sprays were used only with the altered
intake passage. In tl+is case their appemwgce and @-
havior were about the same ns gnsoline sprays. A

-.

failure of part of the apparatus terminated the test
program before addit.ional pictures of Diesel-fuel sprays
could be taken.

CONCLUS1ONS

The results of the experiments described in this report
may be -summed up as follows:

1. Air movements created in the engine cylinder
during tie intake stroke continued throughout the com-
pression stroke and were a distinct nid to the distribu-
tion of gasoline sprays injected into the cylinder,

2. The velocities of induced air movements were ap-

proximately proportional to the engine speed and nbout
inversely proportiomd to the flow mea at the intmlm
valves. -They were about the same whether the air
flow was orderly or turbulent.

3. The use of shrouded intake valves set to direct
the incoming air tangentially caused the air to rot.ata
rapidly about the cylinder axis. The rmwimum rate of
rotation was reached at about 110 cranli degrees af tcr
the be~ginning of the intake stroke, and the rotmt.ion
continued until the end of the exhaust stroke.
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